INTRODUCTION
============

Coronary heart disease remains a leading cause of death throughout industrialized nations, responsible for more than 7 million deaths annually throughout the world [@B1]. In the United States alone, coronary heart disease accounts for approximately one in every six deaths, with coronary events occurring every 25 seconds [@B2]. In the majority of cases, onset of an acute coronary event is triggered by the rupture of so-called vulnerable plaques which went undetected using conventional diagnostic procedures [@B3]. Therefore, there remains a clinical need for improved imaging modalities and therapeutic approaches to enable differentiation and selective, local treatment of these high-risk vulnerable atherosclerotic plaques.

Current clinical imaging modalities utilized to detect the presence of atherosclerosis lack the ability to reliably differentiate plaques which are vulnerable to rupture from those which are stable. Noninvasive techniques, such as the gold standard x-ray angiography or coronary computed tomography, lack sufficient resolution to visualize critical vulnerable plaque characteristics, including a thin fibrous cap and underlying lipid-rich necrotic core with extensive macrophage accumulation. Intravascular imaging modalities, including intravascular ultrasound (IVUS) and optical coherence tomography (OCT) offer trade-offs in terms of morphological assessment capabilities based on their respective imaging depths and resolutions, but each modality is inherently limited in terms of compositional characterization due to similarities in the backscattered signal produced by different tissue types [@B4]. Virtual histology IVUS (VH-IVUS) seeks to expand the ability to differentiate plaque composition through analysis of the tissue-dependent changes in the frequency content of backscattered ultrasound, however the efficacy of the approach has recently been called into question [@B5], [@B6]. Moreover, the emerging technique of diffuse reflectance near-infrared spectroscopy (NIRS) has been demonstrated to differentiate some plaque components, lipid in particular, but the modality is limited by its inability to provide a depth resolved signal [@B7].

Beyond the challenge of diagnosing vulnerable plaques, an effective treatment strategy has not yet been clinically adopted [@B8]. While preventative measures and systemic treatments are desirable as an overall policy for atherosclerosis management, localized treatment strategies are likely to remain a necessary tool for effectively treating identified vulnerable plaques. Traditional percutaneous coronary interventions, such as angioplasty and stenting have focused on mechanically restoring lumen diameter in regions with severe stenosis rather than on stabilizing plaque composition [@B9]. The introduction of drug eluting stents has more recently introduced a dual treatment which adds a pharmacological agent to reduce the extent of inflammation or proliferation following deployment of a stent. However, even in the case of drug eluting stents, the treatment is not specific to atherosclerotic tissue alone, and particularly not to specific biomarkers of interest within vulnerable plaques. Similarly, laser-based therapies such as excimer laser atherectomy, have also been evaluated, yet have shown only marginal clinical adoption due to increased risk of adverse effects which are largely related to a lack of specificity and undesirable damage to the vessel wall [@B10]. Photodynamic therapy has more recently expanded the capability of laser-based treatments and shown promise as a technique for stabilizing atherosclerotic plaques, yet has not been translated to the clinic on a large scale [@B11], [@B12].

Combined intravascular ultrasound and photoacoustic (IVUS/IVPA) imaging was recently introduced as a means of supplementing the morphological information provided by IVUS with additional capability for assessing plaque composition based on unique optical absorption spectra of tissue components or contrast agents [@B13]. In IVPA imaging, applied nanosecond pulsed laser energy is absorbed, inducing thermoelastic expansion and generation of photoacoustic transients within the arterial tissue which can subsequently be detected using a conventional IVUS transducer. Due to the nature of signal detection, IVPA is less sensitive to scattering than other optical modalities, enabling imaging of the full arterial thickness with optical absorption-based contrast and at comparable spatial resolution to IVUS. Integrated IVUS/IVPA catheters which couple an optical fiber to an IVUS transducer have been introduced [@B14] and demonstrated for imaging the distribution of endogenous absorbers within arterial plaques such as lipid [@B15], [@B16] and collagen [@B17], [@B18]. IVUS/IVPA imaging has also been expanded to include the localization of systemically injected plasmonic gold nanoparticle contrast agents. For example, spherical gold nanoparticles endocytosed by phagocytically active macrophages within atherosclerotic plaques were imaged [@B19]. Additionally, gold nanorods, co-localized within atherosclerotic regions, were imaged through luminal blood due to their strong optical absorbance peak within the tissue optical window [@B20]. The strong and tunable absorption within the near-infrared wavelength range, where endogenous tissue absorption is relatively low, makes gold nanorods attractive agents for photothermal therapy, particularly for cancer treatment applications [@B21], [@B22]. This therapeutic approach, termed plasmonic photothermal therapy (PPTT), has more recently come under investigation as a tool for the localized treatment of atherosclerotic plaques [@B23], [@B24].

To date, PPTT for atherosclerotic plaque treatment has required a local delivery of gold nanoparticles and has been limited by an inability to monitor the delivery of therapy. IVUS/IVPA imaging offers a means to locate gold nanoparticles following systemic delivery [@B19], [@B20], based on unique optical absorption spectra, and to subsequently monitor temperature during PPTT, based on the temperature dependence of the generated photoacoustic signal intensity. In the case of imaging gold nanoparticles, it has been shown that conventionally utilized 3-5 ns pulsed laser illumination does not satisfy thermal confinement of the metallic structures as it does for endogenous tissue. Therefore, the general equation for induced photoacoustic pressure should be modified to reflect a dependency on the local environment of the nanoparticles, as shown in Equation 1 [@B25]:

In addition to the IVPA signal dependence on the local optical absorption cross section of the highly absorbing nanoparticle (σ), the generated photoacoustic pressure also exhibits a dependence on local optical fluence (F), the heat transfer efficiency (η) from the nanoparticle to the surroundings, and the effective Grüneisen parameter (Γ~eff~) of the environment immediately surrounding the absorber, which is approximated to exhibit similar temperature dependence to that of pure water in the case of water-based cells and tissue. The Grüneisen parameter is a function of the speed of sound, the thermal coefficient of volume expansion, and the isobaric specific heat capacity, all of which are temperature dependent properties. In the case of imaging gold nanoparticles in water-based tissues, this results in a linear relationship between photoacoustic signal intensity and temperature. Therefore, photoacoustics can be implemented as a tool for monitoring temperature within the local environment of optical absorbers of interest. To that end, silica-coated gold nanorods (SiO~2~AuNR) have been investigated as thermally stable nanosensors which, together with photoacoustic imaging, enable temperature mapping with improved sensitivity over conventional nanorods [@B25]-[@B27].

In the present work, we investigate IVUS/IVPA imaging as a modality for detecting and subsequently monitoring local temperature rise during selective laser heating of SiO~2~AuNR using a single optical fiber for both IVPA imaging and simultaneous tissue heating via continuous wave near-infrared illumination. As such, we hypothesize that IVUS/IVPA imaging can be expanded from a purely imaging-based modality to a potential theranostic platform for atherosclerotic plaque management.

MATERIALS AND METHODS
=====================

Silica-Coated Gold Nanorod Preparation
--------------------------------------

Cetyltrimethylammonium bromide (CTAB) stabilized gold nanorods were synthesized by a seed mediated growth method reported in literature [@B28]. Briefly, a growth solution was prepared by adding 800 µL of AgNO~3~(10 mM) and 4 mL HAuCl~4~ (10 mM) to 38 mL of CTAB (200 mM) at 30°C and stirring at 500 rpm. A solution of 440 µL of ascorbic acid was then added to the growth solution, resulting in a color change from yellow-orange to colorless solution. A seed solution was also prepared, consisting of 500 µL of CTAB (200 mM) and 500 µL of HAuCl~4~ (0.5 mM) at 30°C. The seed solution was vigorously stirred and 60 µL ofNaBH4 (10 mM) was added, inducing a colorless to brown color change. After 7 minutes of aging, 96 µL of the seed solution was added to the entire volume of the growth solution. The CTAB-AuNR were allowed to age over night at 30°C before being twice washed to remove excess CTAB via centrifugation at 18,000 rcf for 40 minutes. The washed CTAB-AuNR were re-suspended in deionized water at a final peak optical density (OD) of 15, as measured by UV-Vis spectroscopy (Synergy HT, BioTek).

The CTAB was replaced with poly ethylene glycol (PEG, 2kD) by adding equal volumes of mPEG-thiol (0.2 mM) and the OD 15 CTAB-AUNR. The mixture was sonicated for 10 minutes and allowed to react for four hours on a shaker under modest agitation. The resulting PEG-AuNR were washed via centrifuge filtration (Amicon ultra-15, Millipore) for 10 min at 3000 rcf and re-suspended in water at an OD of 10. Silica coating of the PEG-AUNR was achieved by a previously reported modified Stöber method^25^. In short, under vigorous stirring, 1.2 mL of the PEG-AuNR were added to 1.8 mL of isopropanol, followed by the addition of 40 µL of tetraethyl orthosilicate (TEOS) in isopropanol (100 mM). A 3.8% ammonia solution in isopropanol was added to adjust the solution to a pH of 11, and the solution was reacted under moderate stirring for 4 hours. The resulting silica-coated gold nanorods (SiO~2~AuNR) were twice washed via centrifuge filtration for 10 min at 1000 rcf and re-suspended in water at the desired final OD. For *in vitro* cell incubation experiments, the surface of the SiO~2~AuNR were further modified by direct interaction of Poly-L-Lysine (1-5 kD), resulting in PLL-SiO~2~AuNR.

*In vitro* Loading of Macrophages with SiO2AuNR
-----------------------------------------------

Mouse monocyte-derived macrophages (J774A.1) were grown to 70% confluence and incubated in phenol free DMEM F-12 media containing 5% fetal bovine serum and PLL-SiO~2~AuNR with a final nanoparticle OD of 0.5 for 24 hours at 37°C in 5% CO~2~. The cells were then scraped and twice washed with phosphate buffered saline (PBS) via centrifugation at 300 rcf for 5 minutes to remove excess nanoparticles and finally fixed in a 10% buffered formalin solution. Two separate batches of PLL-SiO~2~AuNR were utilized for the polymethylmethacrylate (PMMA) tube imaging experiment and the gelatin phantom experiment described below, with peak longitudinal absorbances of 735 nm and 800 nm, respectively.

Integrated IVUS/IVPA Imaging and Photothermal Heating System
------------------------------------------------------------

The combined IVUS/IVPA imaging system and the associated integrated IVUS/IVPA imaging catheter have been previously described [@B13], [@B14]. Briefly, an optical parametric oscillator (OPO) and coupled laser (PermiScan, SpectraPhysics, Inc.) providing variable wavelength optical output with 3-5 ns pulses and a spectral bandwidth of 2-3 nm and operating at a pulse repetition frequency of 10 Hz was utilized for generation of photoacoustic signals. The pulsed laser optical output at wavelengths between 700 nm and 850 nm was focused into the 600 µm core diameter multimode optical fiber of the integrated IVUS/IVPA imaging catheter. The distal end of the integrated catheter was angle-polished and fixed within an air-trapping cap, causing side-projecting illumination. The output energy at the distal end of the integrated catheter was maintained at approximately 0.4 mJ per pulse for all IVPA imaging. Distal to the end of the optical fiber, a commercially available, single element 40 MHz IVUS transducer (Atlantis SR Pro^2^, Boston Scientific, Inc.) was aligned with the direction of the illumination, producing overlapping light and acoustic beam profiles. During imaging, the Q-switch from the pulsed laser served as a trigger for collecting radio frequency (RF) signals from a pulser/receiver (5073PR, Olympus, Inc.) connected to the IVUS transducer of the integrated catheter. The resulting signals were collected and digitized using a 14 bit, 200 MHz data acquisition card (CompuScope 14200 GaGe Applied Technologies, Inc.), resulting in a single IVPA A-line signal. Following a delay of 9 µsec (PDG-2515, Directed Energy Inc.), the pulser/receiver was used to trigger the transducer to enable acquisition of a conventional IVUS A-line, thus resulting in spatially co-registered IVUS and IVPA signals. The resulting acquired data was composed of spatially co-registered and temporally consecutive IVPA and IVUS signals in R-theta coordinates. A temporal separation was therefore utilized to isolate the IVPA and IVUS components of the signal. Furthermore, because IVPA imaging involves only one way travel of ultrasound, whereas IVUS signal represent a round-trip travel, the IVPA signal must be stretched by a factor of two using an interpolation algorithm in order to obtain spatially matched IVUS/IVPA images. The IVUS/IVPA data was then band-pass filtered, and envelope detected using a Hilbert transform to base-band the raw IVUS and IVPA signals. For generation of 2 dimensional images of a vessel cross section, the integrated IVUS/IVPA imaging catheter was rotated using a stepper motor (T-NM17A200, Zaber Technologies, Inc.) for a total of 256 co-registered IVUS and IVPA signal pairs per complete rotation. The R-theta data was scan converted from polar to Cartesian coordinates, again using an interpolation algorithm, prior to image display in order to provide conventional cross-sectional views of the image target.

To enable photothermal heating specific to the imaged vessel region, a continuous wave (CW) diode laser (NIR DL 808-2000, Laser Lab Components Inc.) emitting at 808 nm was additionally focused into the optical fiber of the integrated catheter using a prism, aligned to serve as an optical beam combiner, positioned proximal to the focusing lens. CW laser output energies of 200 mW and 60 mW from the distal end of the integrated IVUS/IVPA catheter were used to assess photothermal heating and subsequent temperature dependent IVPA signal change. Reducing the output power from 200 mW to 60 mW was achieved through the addition of a neutral density filter proximal to the laser beam combiner. A schematic of the integrated IVUS/IVPA imaging and photothermal heating experimental system is presented in Figure [1](#F1){ref-type="fig"}.

Imaging of SiO~2~AuNR Inclusions
--------------------------------

For initial demonstration of the temperature dependence of IVPA signal intensity, IVUS/IVPA imaging was performed using an experimental setup intended to model a SiO~2~AuNR labeled artery. Either colloidal SiO~2~AuNR (OD=20) or formalin fixed macrophages which had endocytosed PLL-SiO~2~AuNR (OD=7) were sealed within optically clear PMMA tubing (inner/outer diameter = 375 µm/500 µm) and aligned within the water tank of the IVUS/IVPA imaging system. These SiO~2~AuNR containing inclusions were oriented perpendicular to the axis of the integrated IVUS/IVPA imaging catheter and at a radial distance of approximately 4 mm from the transducer surface. The integrated catheter was fixed in a position facing the SiO~2~AuNR containing inclusions. The water tank was positioned on a heating plate, allowing the temperature of the entire tank and, therefore, the SiO~2~AuNR containing inclusions to be slowly heated and cooled, during which IVUS/IVPA signals were periodically recorded.

Phantom Preparation and Imaging
-------------------------------

A vessel-mimicking gelatin phantom was subsequently utilized to assess the temperature dependent IVPA signal response of more clinically-relevant tissue components. A solution containing 10% gelatin and 2% silica particles with an average diameter of 30 µm, to provide optical and acoustic scattering, was molded into a hollow cylindrical shape. A piece of bovine lipid-rich tissue was implanted into the gelatin mold as the phantom solidified at 4°C. After solidifying, an inclusion containing additional gelatin/silica solution mixed with fixed macrophages loaded with SiO~2~AuNR at a final OD of 2.5 was placed on the luminal surface of the phantom adjacent to the lipid-rich tissue inclusion and the phantom was again cooled at 4°C. During IVUS/IVPA imaging, IVPA temperature monitoring was performed by slowly changing the temperature of the surrounding water tank and periodically imaging at the peak absorbance of the endocytosed nanoparticles (735 nm) and lipid (1720 nm) to differentiate the two inclusions.

*Ex Vivo* Coronary Artery Imaging
---------------------------------

An atherosclerotic human right coronary artery section, obtained from a 71 year old male patient undergoing autopsy, was directly injected with a concentrated colloidal solution of SiO~2~AuNR on the outer surface of artery between adventitial fat and media. After 5 minutes, the artery was thoroughly washed with PBS and secured in a saline-filled tank for imaging and monitored CW photothermal heating. IVUS/IVPA imaging was performed at 808 nm to create a cross-sectional image revealing the artery morphology and location of the nanoparticle inclusion. The integrated catheter was then oriented to detect a region of high IVPA signal from the nanoparticles and temperature monitoring along a single A-line was performed by adjusting the temperature of the saline tank as well as by inducing CW photothermal heating. A separate location from the cross-section which did not contain the SiO~2~AuNR inclusion was also imaged as a control.

FLIR Thermal Imaging
--------------------

A forward looking infrared (FLIR) thermal camera was utilized to confirm the extent and specificity of CW heating of SiO~2~AuNR relative to background tissue of the human coronary artery sample. The FLIR thermal camera is capable of providing only surface temperature measurements, so the experimental set-up was modified following IVPA monitored heating to enable confirmation of heating using the thermal camera. Specifically, the coronary artery remained fixed within the saline tank, but the saline level was reduced to the surface of the artery. The optical fiber from the integrated IVUS/IVPA catheter was then positioned outside of the artery and focused onto a region of interest of the coronary artery, including the SiO~2~AuNR inclusion and a control region without SiO~2~AuNR. The FLIR thermal camera (FLIR A325sc, FLIR Systems, Inc.) was focused on the saline tank, and temperature profiles of regions of interest were recorded for 90 seconds (ExaminIR software, FLIR Systems, Inc.), beginning at approximately the same time as the start of the application of CW laser. CW laser heating was applied for approximately the first 45 seconds, after which the CW laser was turned off, allowing the artery to cool. The temporal temperature profiles were obtained from a region of interest within the CW laser spot on the arterial surface for three different data sets; the arterial region containing the SiO~2~AuNR inclusion which was illuminated with 200 mW laser output power, the arterial region containing the SiO~2~AuNR inclusion which was illuminated with 60 mW laser output power, and a control region on the arterial surface which did not contain SiO~2~AuNR but which was illuminated with 200 mW laser output power. Additionally, for each case, thermal images were taken after a time of 45 seconds of CW laser heating, just prior to the CW laser being turned off, when the laser-induced heating is expected to have been at its maximum. The acquired raw thermal data was then converted to surface temperature (°C) using a black body temperature calibration curve.

RESULTS
=======

The linearity of IVPA signal intensity change with temperature was first verified through a set of experiments in which the environment surrounding the imaging target was incrementally heated or cooled. Imaging targets ranged from SiO~2~AuNR at varying concentrations and macrophages which had phagocytosed PLL-SiO~2~AuNR to vessel-mimicking phantoms and *ex vivo* tissue labeled with SiO~2~AuNR. The experimental set-up was subsequently modified to incorporate the addition of a continuous wave laser emitting at a wavelength of 808 nm and coupled into the same optical fiber of the integrated IVUS/IVPA imaging catheter that was used to deliver the nanosecond pulsed laser illumination necessary for IVPA signal generation. The ability to induce selective heating of the SiO~2~AuNR with the CW laser and to monitor the resulting targeted heating using IVUS/IVPA imaging was then investigated in a series of similar experiments.

Figure [2](#F2){ref-type="fig"}A demonstrates the change in IVPA signal intensity versus temperature. The presented data was recorded during cooling (blue) and subsequent reheating (red) of the water tank containing SiO~2~AuNR within PMMA tubing at an OD of 20 over a temperature range from approximately 29°C to 43°C. The monotonic change in measured IVPA signal intensity demonstrates the linearity and reproducibility of IVPA temperature response. Similarly, Figure [2](#F2){ref-type="fig"}B presents the percent change in IVPA signal intensity as a function of change in temperature for both the OD 20 SiO~2~AuNR (green) and a solution containing formalin fixed J774A.1 macrophages which had previously phagocytosed PLL-SiO~2~AUNR with a final OD of 7. The linearity of IVPA temperature response is again confirmed for SiO~2~AuNR, including both the colloidal particles and those within endosomes. Additionally, a change in IVPA signal of approximately 50% was measured for the OD 20 SiO~2~AuNR over a 10°C temperature change versus a 90% change in IVPA signal from SiO~2~AuNR within macrophages over the same range. This variation in temperature sensitivity is indicative of a variation in the effective Grüneisen parameter of solutions containing colloidal nanoparticles versus those aggregated within endosomes.

Temperature dependent IVPA signal changes were further investigated using a 10% gelatin tissue-mimicking phantom containing two inclusions applicable to atherosclerotic plaques, one with fresh bovine lipid-rich tissue and the other with formalin-fixed macrophages which had endocytosed PLL-SiO~2~AuNR with a longitudinal peak absorbance of 735 nm. Figure [3](#F3){ref-type="fig"} demonstrates the temperature dependence of the IVPA signal intensity detected within the two inclusions. Imaging performed at the SiO~2~AuNR absorbance peak of 735 nm with the phantom at 11°C (Fig. [3](#F3){ref-type="fig"}A) results in a significantly lower signal than that detected at 26°C (Fig. [3](#F3){ref-type="fig"}B). Likewise, imaging of the lipid-rich tissue inclusion, performed at a lipid absorbance peak located at 1720 nm which has been previously utilized for IVPA imaging of lipid-rich plaques, reveals a similar trend over the same temperature range (Fig.[3](#F3){ref-type="fig"}C, D). Note that the lipid-rich inclusion also causes a significant shadowing effect in the IVUS image within the 1-2 o\'clock region. All IVPA images are displayed on the same linear scale, overlaying IVUS images displayed on 40 dB dynamic range.

Figure [3](#F3){ref-type="fig"}E provides a plot of the IVPA signal intensity with varying temperature for three regions, the SiO~2~AuNR loaded macrophage inclusion (12 o\'clock), the adjacent lipid-rich tissue inclusion (1 o\'clock), and a control region from within the gelatin phantom (9 o\'clock). Data for the SiO~2~AuNR loaded macrophage inclusion and the control region were obtained from IVPA imaging at 735 nm, while the data obtained for the lipid-rich tissue region was obtained from IVPA imaging at 1720 nm. The plot reveals a linear increase in IVPA signal with temperature for all three regions, but a significantly greater slope for the SiO~2~AuNR containing inclusion. An increase in temperature of 10°C resulted in corresponding percent increases in IVPA signal of 98.4%, 20.5%, and 4.4% for the SiO~2~AuNR loaded macrophage inclusion, lipid-rich tissue inclusion, and control region, respectively. This large difference in temperature-dependent signal change further supports the use of SiO~2~AuNR as sensitive thermal sensors for IVPA imaging.

Next, the IVUS/IVPA system was modified to incorporate a near-infrared emitting CW laser, as indicating in Figure [1](#F1){ref-type="fig"}. The CW laser was utilized as a means of selectively heating SiO~2~AuNR, capitalizing on the overlap of the emission wavelength of 808 nm with the nanoparticles\' longitudinal peak absorbance and the relatively low blood and tissue absorption within the tissue optical window. SiO~2~AuNR injected into the adventitial fat of a human right coronary artery were imaged *ex vivo* and utilized to demonstrate the ability to induce and monitor CW laser heating, Figure [4](#F4){ref-type="fig"}. The IVUS/IVPA image reveals the presence of the SiO~2~AuNR region at approximately 2 o\'clock (Fig. [4](#F4){ref-type="fig"}A). CW laser heating with IVPA monitoring was subsequently performed along the two lines indicated, without rotation of the integrated catheter. Figure [4](#F4){ref-type="fig"}B reveals the peak IVPA signal intensity along the indicated lines, with the SiO~2~AuNR containing line (green) on the top, and the control line (blue) on the bottom. As expected from the IVUS/IVPA image in Figure [4](#F4){ref-type="fig"}A, the control line has a significantly lower peak IVPA signal intensity than that of the SiO~2~AuNR containing line. Additionally, an increase in the peak IVPA singal for the line containing SiO~2~AuNR can be seen while the CW laser is applied, indicative of heating. Conversely, no similar increase is seen from the region without SiO~2~AuNR. Further evidence of SiO~2~AuNR heating can be seen in Figure [4](#F4){ref-type="fig"}C, which provides a plot of the SiO~2~AuNR containing line from representative times while the CW laser was off (blue) and on (red). The peak IVPA signal obtained from the SiO~2~AuNR region reveals a reversible increase and proximal shift (decrease in the temporal occurance of the peak)while CW heating is applied.

The consistency of the IVPA signal change with respect to both changing saline environment temperature and CW laser induced heating of a single location containing SiO~2~AuNR within the human coronary artery is demonstrated in Figure [5](#F5){ref-type="fig"}A. The percent change in IVPA signal with respect to change in the saline tank temperature in the absence of any CW laser heating is provided in black, with a 10°C temperature rise resulting in an 83.6% change in measured IVPA signal intensity. At varying saline tank temperatures, the CW laser was also briefly turned on to produce additional heating of the SiO~2~AuNR using distinct output energies of either 60 mW (orange) or 200 mW (blue). Each of the plotted lines represents the total percent IVPA signal increase from the baseline saline tank temperature, including both the increased temperature of the saline environment and the locally induced temperature rise caused by CW heating, if applied. By inspection of the percent change in IVPA signal induced by the CW laser, it is evident that the IVPA monitored heating of the SiO~2~AuNR amounted to average local temperature rises of approximately 3.0°C (21.1 % increase in IVPA signal intensity) and 7.1°C (58.8 % increase in IVPA signal intensity) over the baseline saline and arterial temperature (black) for the 60 mW and 200 mW output energies, respectively.

The FLIR images and temperature profiles presented in Figure [5](#F5){ref-type="fig"}B further confirm the extent of CW laser induced heating and the specificity of heating to the region of the human coronary artery containing SiO~2~AuNR. Each of the FLIR thermal images shown were generated following approximately 45 seconds of CW laser heating. The optical fiber, seen on the right of each image, was focused on a region of interest, either the SiO~2~AuNR inclusion (top and middle) or a control region (bottom) of the human coronary artery. Illumination of the SiO~2~AuNR inclusion with optical fiber output powers of 200 mW and 60 mW resulted in maximum temperature rises of 6.9°C (top) and 2.8°C (middle), respectively, as demonstrated by the temporal profile of the region of interest from the thermal image which corresponds to the surface of the SiO~2~AuNR inclusion. These values are in good agreement with the measured temperature rise using the integrated IVPA imaging catheter (Fig. [5](#F5){ref-type="fig"}A). The slight differences observed between the IVPA monitored temperature rise and that measured using FLIR imaging are likely due to the required modifications in their respective experimental set-ups and the fact that FLIR thermal imaging yields only a superficial temperature measurement. The elapsed time which was required to reach steady-state temperature during and following CW laser heating which was observed in the case of 200 mW power output (top) is also in agreement with the temporal rise and fall profiles of the recorded IVPA signal intensity (Fig. [4](#F4){ref-type="fig"}B). Additional FLIR thermal imaging performed with an optical fiber output power of 200 mW illuminating a region of the coronary artery which did not contain SiO~2~AuNR reveals a temperature rise of less than 1.5°C (bottom), further confirming that background tissue heating is minimized by utilizing CW laser heating of SiO~2~AuNR strongly absorbing within the near-infrared optical wavelength range.

DISCUSSION
==========

The linearity of IVPA signal intensity dependence on temperature was demonstrated on both colloidal particles and those aggregated within macrophage endosomes. Such a relationship was anticipated based on the sensitivity of the Grüneisen parameter to variations in temperature. Therefore, provided that there is adequate absorption to produce a photoacoustic pressure wave, IVPA provides a mechanism for measuring temperature variations within the local environment surrounding the absorbers. AuNR were previously found to preferentially accumulate within plaques of atherosclerotic rabbit models following systemic injection, and the ability to localize the nanoparticles using spectroscopic IVUS/IVPA imaging, including imaging in the presence of luminal blood, was recently demonstrated [@B20]. Herein, the ability to further utilize such a delivery method and the resulting AuNR contrast over surrounding blood and endogenous tissue within the near-infrared wavelength range for selective CW laser heating and IVPA temperature monitoring was introduced. By measuring the percent change in IVPA signal intensity versus the change in temperature, it is possible to assess local temperature rise independent of the local pulsed laser fluence. This method, therefore, effectively self-normalizes based on the change in photoacoustic signal, accounting for possible depth-dependent variations in both the local laser fluence and integrated IVUS/IVPA catheter sensitivity.

In addition to the IVPA monitored local temperature rise, the IVUS signal can also be used to monitor the cumulative heating along a given line due to the temperature dependence of the speed of sound, which affects not only the photoacoustic signal amplitude based on its inclusion as part of the Grüneisen parameter, but also the acoustic time of flight. This effect is demonstrated in Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D in which proximal shifts (i.e., reduced acoustic time of flight) of both the IVPA and IVUS peaks are noticeable as a result of the increased speed of sound during CW laser heating (red lines). Additionally, a qualitative comparison of the extent of IVUS peak signal shifts at the location of the SiO~2~AuNR inclusion, approximately 6.1 mm, and at the luminal boundary of the coronary artery, approximately 3 mm, suggests that the use of a near-infrared wavelength laser causes minimal diffuse heating at the lumen border. For uniform heating, the ratio of the signal shift to the distance from the transducer would be expected to remain constant, however the ratio is greater at the location of the nanoparticle inclusion than it is at the tissue luminal surface. This further confirms the ability to selectively heat the SiO~2~AuNR with minimal nonspecific vascular heating.

Interestingly, results presented in Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [5](#F5){ref-type="fig"} provide evidence that the slope of the IVPA signal change with temperature is dependent on more than the net SiO~2~AuNR density alone. This is particularly evident in Figure [2](#F2){ref-type="fig"}B, in which cells containing the nanoparticles within endosomes exhibit a significantly greater percent IVPA signal change with temperature change than do colloidal particles with a higher net OD. This apparent discrepancy, along with variability in the measured percent IVPA signal change per 10°C temperature rise between experiments, is presumably due to variations in the aggregation state and distribution of the SiO~2~AuNR. In the case of endocyosed SiO~2~AuNR, groups of particles are expected to be closely packed, resulting in an enhanced efficiency of photoacoustic signal generation for a given change in the local temperature based on a greater temperature sensitivity of the effective Grüneisen parameter. Given that variations in both SiO~2~AuNR concentration and distribution can influence a perceived temperature rise based on a measured IVPA signal change, future work will seek to establish an understanding of the variability of CW induced heating as a function of nanoparticle concentration within cells, followed by a longitudinal study to validate the therapeutic efficacy of IVUS/IVPA-monitored PPTT of atherosclerotic plaques*in vivo*. These future studies will seek to evaluate the minimum temperature sensitivity of the proposed approach based on the extent of SiO~2~AuNR loading which can be achieved within atherosclerotic plaques following systemic injection, as well as to establish a desirable thermal dose for optimal PPTT therapeutic efficacy.

CONCLUSIONS
===========

It has been shown that IVPA imaging can be used to monitor temperature change of the local environment surrounding SiO~2~AuNR based on the linear relationship between photoacoustic pressure generation and the temperature dependent Grüneisen parameter, and that such temperature change can be effectively achieved by incorporating near-infrared wavelength emitting CW laser illumination into the integrated IVUS/IVPA catheter\'s optical fiber to induce preferential heating of SiO~2~AuNR contrast agents. IVUS/IVPA can therefore be used as a theranostic platform to first detect the presence of systemically injected gold nanoparticles within atherosclerotic plaques, as has been previously demonstrated, followed by subsequent IVPA-monitored, selective plasmonic photothermal heating delivered through the integrated imaging catheter. This method offers a potential solution to limitations of other intravascular laser based therapies which suffer from both a lack of specificity in the induced thermal damage and an inability to monitor the delivered thermal dose. The tendency of gold nanoparticles to be preferentially endocytosed by macrophages further support the adoption of this contrast enhanced technique as a cellular-specific therapeutic strategy for atherosclerotic plaques, and the future conjugation of targeting moieties to the SiO~2~AuNR surface may provide a means of cellular/molecular specificity beyond macrophages.
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![Schematic of IVUS/IVPA imaging system modified to incorporate continuous wave (CW) laser illumination within the integrated catheter to enable simultaneous CW laser heating and IVPA temperature monitoring.](thnov04p0036g001){#F1}

![Temperature dependence of IVPA signal from SiO~2~AuNR within PMMA tubing. (A) Peak IVPA signals during cooling (blue) and subsequent reheating (red) of a water tank containing an inclusion of OD=20 SiO~2~AuNR. (B) Percent change in peak IVPA signal versus change in temperature for OD 20 SiO~2~AUNR (green) and SiO~2~AuNR phagocytosed by macrophages (blue) at a final concentration of OD=7. Data represents the mean and standard deviation from 100 IVPA measurements.](thnov04p0036g002){#F2}

![IVUS/IVPA imaging of a tissue-mimicking phantom with lipid and SiO~2~AuNR inclusions. IVUS/IVPA image of an inclusion with macrophages labeled with PLL-SiO~2~AuNR, acquired at an imaging wavelength of 735 nm, at temperatures of (A) 11°C and (B) 26°C. IVUS/IVPA image of an inclusion with lipid-rich tissue, acquired at an imaging wavelength of 1720 nm, at temperatures of (C) 11°C and (D) 26°C. Tick marks on IVUS/IVPA images are spaced at 1 mm. Plot of the temperature dependence of IVPA signal intensity for the PLL-SiO~2~AuNR loaded macrophages, lipid-rich tissue, and a control region within the phantom (E).](thnov04p0036g003){#F3}

![Ex-vivo demonstration of IVPA monitored CW laser induced heating of SiO~2~AUNR within a human coronary artery. (A) IVUS/IVPA image obtained at 808 nm revealing the location of SiO~2~AuNR at 2 o\'clock. Tick marks are spaced at 1 mm. (B) Maximum IVPA signal along the SiO~2~AuNR containing and control lines, indicated in A, versus time. The CW laser initially off (blue), then turned on to induce heating (red) and back off (blue). (C) Section of the IVPA A-line shown in green in part A which containing the SiO~2~AuNR inclusion, revealing the reversibly induced increase and shift in peak IVPA intensity during CW laser heating.](thnov04p0036g004){#F4}

![Confirmation of IVPA temperature monitoring during heating of SiO~2~AuNR on a human right coronary artery ex-vivo. (A) The percent IVPA signal change versus relative baseline temperature are plotted in the absence of CW laser heating (black), and following CW laser heating of the SiO~2~AuNR inclusion using output energies of 60 mW (orange) and 200 mW (blue) from the integrated IVUS/IVPA imaging catheter. (B) FLIR thermal images and temporal profiles of surface temperature rise of the SiO~2~AuNR inclusion exposed to 200 mW (top) and 60 mW (middle) CW laser heating and a control region of the artery exposed to 200 mW CW laser heating (bottom).](thnov04p0036g005){#F5}

[^1]: COMPETING INTERESTS: The authors have declared that no competing interest exists.
